During the last two decades, an increase of the frequency of naturally regenerated beech seedlings has been reported. This may be due to an increased masting. In this investigation in southern Sweden, mast year frequency, mast crop size and the relationships between mast year and climatic variables were studied. Our analysis shows that while the average mast year interval was 4 -6 years from the end of the seventeenth century up to the 1960s, the mean interval has decreased to 2.5 years during the most recent 30 years, and there have been two consecutive mast years on two occasions during this later period. Mast years have often followed years in which the temperature in July and September was higher than the 30-year mean. However, there were signifi cant variations in the amounts of beechnuts produced between different mast years, and beechnut production increased with increasing site index. Climatic changes, especially increases in temperature, may have been responsible for the higher frequency of mast years, but increased atmospheric nitrogen deposition may also have been a contributory factor.
Introduction
In Sweden, natural regeneration is the most common way to regenerate beech ( Fagus sylvatica ) stands. According to this method, beechnuts from one mast year are used. soil scarifi cation and shelter woods are important tools to control the outcome ( Agestam et al. , 2003 ) . However, beech does not set fruit every year ( Peters, 1997 ) and to promote strong regeneration, it is important to coordinate regeneration operations with rich mast years. During a mast year, mostly occurring over subcontinent-to continent-wide areas ( Wachter, 1964 ; Perrins, 1966 ) , the beechnut production should be large enough to establish a new stand of good quality; Henriksen (1988) , for instance, claims that a minimum of 50 viable beechnuts per square metre is required. Small amounts of seed are usually also produced in non-mast years, but there are large differences in the amounts produced between mast years and non-mast years. Therefore, more accurate forecasting of mast years would greatly facilitate silvicultural planning in beech forestry.
Mast years are reported to occur irregularly at intervals of 3 -10 years ( Matthews, 1955 ; Maurer, 1964 ; Bjerregaard and Carbonnier, 1979 ; Eickhoff et al. , 1995 ; Rydberg, 2001 ) . Information about the size of the crop has often been noted on an arbitrary scale, and the numbers of beechnuts produced have rarely been recorded. Many authors, e.g. Lindquist (1931) and Jenni (1987) , have compiled information about mast years from different sources and sometimes by hearsay. This explains the variation sometimes found between different sources for the same year and the same area. Lindquist (1931) claimed that an individual beech tree cannot fl ower in two consecutive years and that the fl owering therefore has an endogenous periodicity. Holmsgaard and Olsen (1960) provided evidence supporting this claim, indicating that few beechnuts are produced in the year following a mast year. A hypothesis explaining the apparent inability of beech trees to produce large numbers of nuts in the years following mast years was proposed by la Bastide and van Vredenburch (1970) , who suggested that vigorous fl owering and fructifi cation draw so heavily on carbohydrate reserves that little or no initiation of fl ower buds can take place in a mast year. Chan and Cain (1967) extended this theoretical framework by proposing that fl owering and seed production levels are hormonally regulated.
The general opinion among foresters in northern and central Europe, albeit not based on any rigorous analysis, is that it has been easier to regenerate beech during the last 20 years than previously. This could be due to reduction in the intervals between mast years and increases in mast crops due to increases in temperature ( SMHI, 2006 ) and accumulated nitrogen deposition, as reported ( inter alia ) by Westling (2001) .
Many authors have studied various factors that may trigger fl owering in beech, and even though most of them agree on a high temperature during the summer months to be the most important for fl ower bud formation and seed production, the next year, precipitation, sunshine, drought or combinations of these factors are often mentioned. Hauch and Oppermann (1898 -1902) , Lindquist (1931) , Matthews (1955) , Matyas (1965) , Henriksen (1988) and Schmidt (2006) all claim that the weather during the summer months must be warm and dry for the following year to be a mast year.
However, Büsgen (1916) found that the fi rst indications of fl ower predispositions were detectable by the end of May, implying that fl ower induction takes place at the end of April or beginning of May in the year before the fl owering ( Röhrig et al. , 1978 ) , while Piovesan and Adams (2001) and Gruber (2003) propose that the weather conditions during the 2 years preceding a mast year infl uence fl owering.
In addition to the weather in the preceding year or years, the amount of seed produced may also be affected by climatic events during the year of seed production. Holmsgaard and Olsen (1960) , for instance, show that heavy rains in April of the present year have a negative infl uence. Spring frost events, hailstorms and strong winds may also destroy the fl owers ( Gruber, 2003 ) .
Since 1989, seed fall has been monitored and mast years have been identifi ed in four different experiments in southern Sweden. Data from these investigations have been compiled together with information on mast years reported in earlier periods, and used in the present study to address the following hypotheses:
1 The mast year frequency has increased during the last three decades. 2 Summer temperature and/or precipitation data can be used to forecast mast years. 3 The amount of seeds produced varies between mast years and is affected by site fertility.
Material and methods
Quantitative mast yield records Henriksen (1988) claims that a minimum amount of seed to get a new stand of good quality is 50 seeds m − 2 (equal to 500 000 seeds ha − 1 ). This threshold is used as a defi nition of a mast year in this paper. This should also take place over a larger geographical area ( Wachter, 1964 ; Perrins, 1966 ) . In this study, the mast crop in beech stands was measured in four different regeneration experiments ( Figure 1 ) . In all experiments, two similar types of seed traps were used, one constructed from stiff wire, duct tape and a plastic grain bag ( Hughes et al. , 1987 ) , while the other was made of a nylon basket on an aluminium ring nailed to two wooden poles. The area of each seed trap was calculated by cross-measuring its diameter. The seed traps were set out at the end of August or beginning of September and cleared at the end of December. Seed data from damaged traps were not used in subsequent calculations. All seeds, both fi lled and empty, were counted. fi g 1 Natural regeneration in beech was studied in an experiment in Skarhult ( Figure 1 , site 9), where seed fall was measured with 60 seed traps in autumn 1989 before regeneration cutting ( Agestam et al. , 2003 ) .
Natural regeneration in beech without soil preparation was studied at Ryssberget ( Figure 1 , site 12) in stands in different phases of the regeneration. The seed fall was collected from seven stands in a total of 84 seed traps every year from 1992 to 2001, and after this from fi ve stands in a total of 60 seed traps.
In an experiment where the effect of liming on natural regeneration in beech is being studied ( Gemmel and Övergaard, 1995 ) , the sizes of the seed crops have been registered every mast year since 1993 using a total of 88 seed traps. The experiment is done at 12 sites ( Figure 1 , sites 1 -12) and the stand age varies from 75 to 160 years. The site index, i.e. dominant height at 100 years total age ( Carbonnier, 1971 ) , varies from F 20 to F 36. No effect of the liming on the seed fall between the treatments was found. Site 12 was established in December 1993 and no records of the seed fall that year are available. At site 11, all seed traps were damaged, probably by ungulates, in 1998, and there is no record of the seed fall that year.
In a natural regeneration experiment in a beechdominated forest in the forest of Biskopstorp ( Figure 1 , site 13), seed fall was registered every year from 1998 to 2004 using 13 seed traps.
The study also considers information from a quantitative study during the years 1974 -1983 previously published by Simak (1993) .
Earlier mast yield records
At the Department of Forest Improvement (currently Skogforsk), descriptive data related to seed fall have been collected from two seed beech orchards, Albjershus and Ramsåsa ( Figure 1 In addition to these records, observations of mast crops made by the state forest district personnel during the years 1895 -1929 in the southern Swedish provinces of Scania and Halland ( Lindquist 1931 ) and data presented by Tirén (1931 Tirén ( -1934 , Perrins (1966) , Jenni (1987) , Henriksén (1988) and Osbeck (1996) were also used in the analyses presented here ( Table 1 ) . t b l 1
Factors inducing fl ower bud set
Climate data registered by the Swedish Meteorological and Hydrological Institute at the Hörby meteorological station ( Figure 1 ) during the period 1 August 1995 -2006 were used in the analyses of correlations between seed fall and climatic variables. Data from this station were used since it is located in the centre of the range of the study sites examined here. Data from 1973 to August 1995 were missing. To obtain values for this period, a multiple regression function was constructed between existing data from Hörby and data from the meteorological stations at Lund and Kristianstad. This function was thereafter used to fi ll the gaps in the data series. The potential evapotranspiration was calculated using the Thornthwaite method ( Dunne and Leopold, 1978 ) .
The effects of the following climatic variables (for each month from May to September, except where otherwise stated) have been analysed:
• Average temperature (mean of daily temperature, i.e. mean of three daily readings and maximum and minimum temperature), • duration of warmth (number of days with maximum temperature exceeding 20°C), • intensity of warmth (the sum of maximum degrees exceeding 20°C), • precipitation, • average precipitation for the months JuneAugust and • the precipitation minus potential evapotranspiration in June and July 2 years and 1 year before each mast year.
For every year between 1973 and 2005, the mean temperature and precipitation values for each of the months from May to September were compared with the corresponding monthly mean values for the entire 33-year period ( Table 2 ) . Higher temperature and lower precipitation values than the long-term means are indicated with a ' 1 ' in the rows for the following years in Table 3 . t b l 2 t b l 3
Calculations
The mean mast year interval for each period considered was calculated and statistical analyses were performed using the Wilcoxon rank test Monthly mean temperature, a mean value of the daily mean (a mean of three readings and the maximum and minimum temperatures) for the month; duration of warmth, number of days in each month with a maximum temperature exceeding 20°C; intensity of warmth, the sum of maximum degrees in the month exceeding 20°C. Mean intervals with the same letter are not signifi cantly different. The P -value indicates the probability for the mean interval of the period 1974 -2006 to be separated from the other time periods. The numbers after the mast years refer to the following sources: 1, Osbeck (1996) ; 2, Lindquist (1931) ; 3, Tirén (1931 3, Tirén ( -1934 4, Jenni (1987) ; 5, Perrins (1966) ; 6, Simak (1993) ; 7, M. Werner (personal communication) and 8, experiments in the present study. ( Wonnacott and Wonnacott, 1985 ) and pair-wise comparisons by the general linear model (GLM) procedure as implemented in MINITAB (Minitab Inc., State College, PA, USA). Tukey ' s test was used to identify differences in mean mast year frequencies between the time periods that were signifi cant at the 5 per cent probability level.
To detect and evaluate possible correlations between weather conditions and mast years, the Wilcoxon rank-sum test was used to test the The 14 mast years during this period are indicated by an *. Each number one (1) indicates years when the mean temperature was higher, or the precipitation lower, in the preceding year than the corresponding mean for the entire 33-year period (see Material and methods). The numbers of times (in percentages) these criteria were met and the following year was a mast year (MY) and a non-mast year are shown at the bottom of the table.
signifi cance of differences in the variables ' mean temperature, duration and intensity of warmth, and precipitation in each of the months from May to September from 1973 to 2005 between mast and non-mast years and the years preceding them. To detect differences in mast crops between the mast years in the liming experiment, statistical analyses were applied using the GLM procedure in SAS version 9.1. The size of the mast crop at each of the sites and the mast years were the dependent variables, while the site index of each site was treated as a covariate.
In order to detect signifi cant differences in mast crops between the period investigated here and the period investigated by Simak, the Wilcoxon rank test ( Wonnacott and Wonnacott, 1985 ) was applied and a pair-wise comparison was made by the GLM procedure (MINITAB, Minitab Inc.). Tukey ' s test was used to assess whether the differences in seed production were signifi cant at the 5 per cent probability level.
Results
Mast years occurred with mean intervals of ~ 5 years from the end of the seventeenth century up to the last 33 years, when mast years became more frequent with a mean interval of 2.5 years. This period is signifi cantly different in this respect from the previous period of the twentieth century ( P = 0.0187). Furthermore, although there was a 7-year interval between two successive mast years in the latter period (in 1976 and 1983) , the intervals have never been longer than 3 years since 1983 and there were two consecutive mast years on two occasions, 1986 -1987 and 1992 -1993 
( Tables 1 ). t b l 4
The occurrence of mast years was strongly related to the weather in July, especially to the temperature variables ( Table 3 ) . Signifi cant differences in four July and one September weather variables between years preceding mast years and non-mast years were found: mean temperature ( P = 0.0012), duration of warmth ( P = 0.0001), intensity of warmth ( P = 0.0009) and precipitation ( P = 0.0138), all in July, and mean temperature in September ( P = 0.0357). Twelve of 14 mast years were preceded by a year with higher values than mean for mean temperature and duration of warmth in July, and precipitation was lower than mean levels in July in years preceding 11 of the 14 mast years. The year that was followed by a mast year, if the year was not a mast year in itself, had in July an average temperature of at least 15.8°C and 16 days or more with a maximum temperature exceeding 20°C. Neither temperature nor precipitation during the months May, June or August were signifi cantly correlated to the occurrence of masting in the following year. The occurrence of masting in a given year reduced the possibilities of it occurring in the following year, even if the weather conditions were conductive for masting. The 5 years in which the average July temperature was higher than the long-term mean but were not followed by mast years were all mast years. The difference between precipitation and potential evapotranspiration was less than the 33-year mean for seven of the 14 mast years.
In the liming experiment, the average mast crop varied from 1.1 to 10.1 million seeds ha − 1 (in 2004 and 1995, respectively; Table 4 ), and there were signifi cant differences in seed crops between many of the mast years. The sizes of the mast crops of Skarhult, Ryssberget and Biskopstorp are shown in Table 5 , where also the amount of seed falling in non-mast years can be seen. Site index had a positive infl uence on the seed production ( P = 0.005), which increased by ~ 160 000 beechnuts ha − 1 for every site index metre ( Figure 2 ) . No signifi cant differences in mast crop sizes were found between those reported by Simak (1993) and those in the liming experiment reported here, but the mean mast crop (3.7 million seeds ha − 1 per mast year) recorded by Simak (1993) was lower than the corresponding mean in the liming experiment (5.3 million seeds ha − 1 ). t b l 5 fi g 2
In the period, 1895 -1929, investigated by Lindquist (1931) , there were eight mast years in Scania and six in Halland (three of which did not coincide with mast years in Scania). In the present study, the seed crop during mast years was substantial at all sites in both regions.
Discussion
Our analyses show that the mean frequency of mast years has been higher during the last 33 years in southern Sweden than in earlier periods. The validity of these apparent differences in mast year intervals between the last three decades and previous periods may be questioned because of the varying recording methods used in the earlier periods. However, analyses of studies from other regions show the same trend, although seed fall was not quantifi ed in them. The interval has decreased from 5 to 4.3 years in Denmark in the last 100 years ( Hauch and Oppermann, 1898 -1902 ; Jenni, 1987 ; Holmsgaard and Bang, 1990 ; H.G. Knudsen, personal communication), from 5.8 years between 1953 and 1976 to 3.2 years between 1990 and 2006 in England ( Perrins, 1966 Gurnell, 1993 ; Packham and Hilton, 2002 ; Hilton and Packham, 2003 ; M. Broadmeadow, personal communication) , from 3.8 years between 1940 and 1970 to 2.6 years between 1974 and 1995 in the Netherlands ( la Bastide and van Vredenburch, 1970 ; Hilton and Packham, 2003 ) and from 8 years between 1869 and 1909 to 2.8 years between 1987 and 2004 in northern Germany ( Hase, 1985 ; Jenni, 1987 ; Bartsch et al. , 1993 ; Lange, 1995 ; Schmidt, 2006 ) .
Possible explanations for the increased frequencies of mast years and mast yields may be found in changes in weather conditions and nitrogen deposition. The mean annual temperature in Sweden has increased by 0.5°C in the last 20 years ( SMHI, 2006 ) and Schmidt (2006) found seed production in mast years to be higher if they were preceded by a warm summer than if they were preceded by a cooler summer. In addition, Nemec (1956) reported that fl owering and masting are promoted by fertilization at sites on nutrient-poor soils, while Le Tacon and Oswald (1977) found that fertilization of a beech stand in the Massif Centrale, France, increased seed production threefold. The amount of nitrogen in the stem parts of the tree decreases after a mast year ( Hartig, 1889 ) . This may be compensated to some extent by atmospheric nitrogen deposition, which has resulted in accumulated nitrogen deposits of ~ 300 -450 kg ha − 1 in the soils in southern Sweden since the 1950s according to calculations by Westling (2001) .
The analyses show that the duration and intensity of warmth, as well as mean temperature and precipitation, all for July, in Sweden have been good predictors of a masting in the following year. These factors are naturally strongly correlated. Also the mean temperature of September seems to be of importance. The results are, with small variations, consistent with fi ndings of many other studies, but may perhaps contribute to the subject of what factors are of importance, especially since we, during the investigated period, seem to have met a change in climate. Hauch and Oppermann (1898 -1902) fi nd high temperature in July, and partly June, August and September, to be essential for fl ower bud formation. Lindquist F 28 F 22 F 20 F 24 F 26 F 24 F 27 F 30 F 26 F 30 F 36 F 26 Means with the same letter are not signifi cantly different. (1931) claimed the July temperature to be the most important factor, fi nding intensity of warmth being more important than duration, while precipitation is not mentioned in his work. Matthews (1955) fi nds signifi cant correlations between the size of the mast and July temperature and sunshine. Matyas (1965) claims that a dry period with at least 10 h of sunshine daily is needed for fruit setting, while Henriksén (1988) argues a high temperature and moderate precipitation during June and July to be important. Also Schmidt (2006) fi nds a sunny, warm and dry summer, especially during July, to favour the fruit setting the coming spring.
However, Büsgen (1916) found that the fi rst indications of fl ower predispositions were detectable by the end of May, implying that fl ower induction takes place at the end of April or beginning of May in the year before the fl owering ( Röhrig et al. , 1978 ) , while Piovesan and Adams (2001) and Gruber (2003) propose that the weather conditions during the 2 years preceding a mast year infl uence fl owering. The former report that during a summer with suffi cient amounts of available water, the trees build up carbohydrate reserves and if the following summer has a dry period during June -July, the setting of fl ower buds is favoured. Energy for the next years ' fl owering and masting can then be taken from the carbohydrate reserves. The latter claims that global radiation, sunshine duration and temperature during the months June -October 2 years before the mast year have a strong infl uence on fl ower induction, and the same factors strongly infl uence fl ower formation during September and October in the year before the mast year. Kon et al. (2005) claim low temperatures in late April to mid-May to induce a mast year the coming year for Fagus crenata .
According to the literature, two consecutive mast years occur rarely, for instance such events have been recorded in northern Germany 1989 ( Bartsch et al. , 1993 , in the Netherlands 1986 -1987 ( Hilton and Packham, 2003 ), in England 1906 -1907 ( Watt, 1925 and in Denmark 1807 -1808 ( Hauch and Oppermann, 1898 -1902 ) . However, consecutive mast years occurred twice during the last 30 years in southern Sweden (i.e. 1986 Sweden (i.e. -1987 Sweden (i.e. and 1992 Sweden (i.e. -1993 . Extremely warm and dry weather seems to override the inhibitory effect of a masting in the preceding year on masting in the current year. The weather during Figure 2 . The recorded seed fall during mast years in relation to site index of the study sites. The lines indicate the least-square mean estimates of the models from the statistical analysis where site index was treated as a covariate. the summer of the mast year of 1992 was close to optimal for inducing beech fl ower buds. Mean temperatures in May, June and July were several degrees higher than average. Moreover, the precipitation in May -September was low in 1992, but high for the same months in 1991, yielding a high precipitation -potential evapotranspiration ratio (cf. Piovesan and Adams, 2001 ) . This very propitious weather may have promoted the occurrence of a new mast year in 1993. Likewise, the weather in the summer of the mast year of 1986 favoured induction of fl ower buds and facilitated masting in 1987.
Apart from the experiments presented in this paper, there have been very few records of measured mast quantities. Hence, it is diffi cult to compare the amount of beechnuts produced in recent decades and earlier periods. However, Simak (1993) measured the mast crop in three stands in southern Sweden from 1974 to 1983, fi nding a mean of 3.7 million seeds ha − 1 per mast year, lower than the corresponding mean in the liming experiment (5.3 million seeds ha − 1 ).
The allocation of nutrients and carbohydrates to fl owering and beechnut production reduces diameter growth by up to 40 per cent in a mast year and to lesser degrees in the two following years ( Holmsgaard, 1955 ) , and the amount of nitrogen stored in wood and bark of the stem has been shown to decrease after a mast year ( Hartig, 1889 ) . Thus, if the seed production levels during mast years in the most recent decades were similar to (or higher than) those in earlier periods, the increased frequency of masting presumably had an inhibitory effect on the growth of the trees.
The positive infl uence between site index and seed production supports the theory of the importance of resources for seed production. This is also claimed by Nemec (1956) and Le Tacon and Oswald (1977) who increased the seed crops by fertilization. This implies that we have at present bigger seed crops compared to the fi rst part of the twentieth century since Falkengren-Grerup and Eriksson (1990) report a two percent increased site index for beech between 1947 and 1988, interpreted as a fertilization effect caused by the increased nitrogen deposition.
Shorter mast year intervals, accompanied by increasing mast crops, may have several positive effects for beech forestry. Firstly, since most of the valuable timber is cut when conditions favour the regeneration, more frequent mast years result in more even timber fl ows, thereby reducing price fl uctuations in the timber market and increasing the evenness of industrial supplies. Secondly, if an attempt to regenerate a stand naturally fails, the best option is to try again in the next mast year. The prospects for the second attempt will usually be less good than those for the fi rst attempt since the previous stand, which would have provided shelter on the fi rst occasion, has already been cut, thereby increasing the availability of light, water and nutrient resources for fi eld vegetation species, e.g. wavy hair grass and raspberry, that could be severe competitors to new seedlings. With shorter mast year intervals, this competing vegetation will not be so severe, which should mitigate the adverse circumstances for a second regeneration attempt. Thirdly, more frequent mast years should make planning forest activities easier.
The most important factor for a forest manager to consider when attempting to forecast mast years and planning his/her silvicultural activities is that there are seldom two mast years in a row. Secondly, a mast year is most often preceded by a warm and dry July.
Conclusions
The fi rst hypothesis that the mast year frequency has increased during the last three decades was supported by information compiled regarding mast years in southern Sweden.
The second hypothesis that summer temperature and/or precipitation data can be used to forecast mast years was confi rmed by the fi nding that the temperature in July was a good predictor of mast years.
Seed fall varies between mast years and is positively infl uenced by the site index, supporting the third hypothesis.
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